Abstract A morphometric analysis of Bharathapuzha river basin has been carried out using geoprocessing techniques in GIS. This technique is found relevant for the extraction of river basin and its drainage networks. The extracted drainage network was classified according to Strahler's system of classification and it reveals that the terrain exhibits dendritic to sub-dendritic drainage pattern. The Bharathapuzha drainage basin is sprawled over an area of 5,988.56 km 2 . The study area was designated as seventh-order basin and lower order streams mostly dominate the basin with the drainage density value of 1.07 km/km 2 . The slope of basin varied from 0°to 70°and the slope variation is chiefly controlled by the local geology and erosion cycles. The elongation ratio of the basin is 0.57 indicating that the study area is elongated with moderate relief and steep slopes. The drainage texture of the basin is 7.78 which indicates an intermediate texture that exists over the region. Hence, from the study, it can be concluded that remote sensing data (SRTM-DEM) coupled with geoprocessing techniques prove to be a competent tool in morphometric analysis and the data can be used for basin management and other hydrological studies in future.
Introduction
The development of a drainage system over space and time is influenced by several variables such as geology, structural components, geomorphology, soil and vegetation of an area through which it flows. Geomorphometry is the measurement and mathematical analysis of earth's surface and its dimensions of the landforms (Clarke 1996) . Morphometric analysis of a river basin provides a quantitative description of the drainage system, which is an important aspect of the characterization of basins (Strahler 1964) . It is important in any hydrological investigation like assessment of groundwater potential, groundwater management, basin management and environmental assessment.
Various hydrological phenomena can be correlated with the physiographic characteristics of an drainage basin such as size, shape, slope of the drainage area, drainage density, size and length of the contributories, etc. (Rastogi and Sharma 1976; Magesh et al. 2012a ). The morphometric analysis can be performed through measurement of linear, aerial, relief, gradient of channel network and contributing ground slope of the basin (Nautiyal 1994; Nag and Chakraborty 2003; Magesh et al. 2012b ). The dynamic nature of runoff is controlled by the geomorphologic structure of the catchment area and the induced runoff is very sensitive towards the morphometric characteristics of the contributing area (Rudraiah et al. 2008) . In India, National Institute of Hydrology (1993) has carried out hydro-geomorphological studies of various basins and their analyses were based on linear, aerial and relief aspects using different mathematical equations. Various morphometric parameters such as drainage pattern, stream order, bifurcation ratio, drainage density and other linear aspects are studied using remote sensing technique and topographical map (Mesa 2006) . The surface runoff and flow intensity of the drainage system can be estimated using the geomorphic features associated with morphometric parameters (Ozdemir and Bird 2009) . Pioneer work on basin morphometry has been carried out by Horton (1932 Horton ( , 1945 , Miller (1953) , Smith (1950) , and Strahler (1964) . Based on their ideology, similar work has been emerged throughout the world by different researchers using different techniques. In India, morphometric studies of various drainage basins have been carried out by Rastogi and Sharma (1976) , Nautiyal (1994) , Nag and Chakraborty (2003) , Rudraiah et al. (2008) , Magesh et al. (2012a, b) , John Wilson et al. (2012) , and . Most of them have used GIS and remote sensing technique for the estimation of morphometric parameters because the results obtained were reliable and accurate.
Application of remote sensing provides a reliable source for the preparation of various thematic layers for morphometric analysis. The digital elevation data can be used for generating the elevation model of a landscape to any extent. The resolution of the image may vary with respect to the satellite sensors. The processed DEM can be used for generating the stream network and other supporting layers (Mesa 2006; Magesh et al. 2011) . Geographical information systems (GIS) have been used for assessing various basin parameters, providing flexible environment and powerful tool for determination, interpretation and analysis of spatial information related to river basins. Geology, relief and climate are the primary determinants of a running water ecosystem functioning at the basin scale (Mesa 2006; John Wilson et al. 2012; . Thus, detailed morphometric analysis of a basin is of great help in understanding the influence of drainage morphometry on landforms and their characteristics.
The present study depicts the process to evaluate the various morphometric parameters of Bharathapuzha river in Kerala using geoprocessing techniques in GIS (ArcGIS 10). The linear, relief and aerial parameters were computed mathematically to analyse the characteristics of different morphometric parameters for planning and development of the river basin.
Study area
The Bharathapuzha river basin lies between 10°15 0 to 10°40 0 North latitudes and 76°00 0 to 76°35 0 East longitudes and it covers Malappuram, Thrissur and Palakkad districts of Kerala, and Coimbatore district in Tamil Nadu, India (Fig. 1) . It originates from the Western Ghats at an altitude of about 1,100 m above mean sea level, fed by its four main tributaries namely Kalpathypuzha, Gayathripuzha, Thootha and Chitturpuzha, which drain through highly varied geological and geomorphologic regions of Kerala. The study area has a total drainage area of 5,988.56 km 2 . Morphologically, the study has a well-developed flood plain and fluvial terrace of recent origin. The geology of the study area is characterized by Archaean crystalline formation (gneiss, schist, charnockite), Tertiary formations, sub-recent laterite and recent riverine alluvium (CGWB 2007) . In general, the study area experiences tropical climate with an average annual temperature ranges from a maximum of 32.3°C dry season to a minimum of 23.3°C in wet season. The rainfall in the study area is contributed mainly from the southwest monsoon (JuneSeptember) followed by northeast monsoon (OctoberDecember) with an average annual rainfall of 2,924.4 mm. The humidity is higher during monsoon months from June to October.
Methodology
Digitizing stream network and assigning the stream order from a published topographic map for a large area is a tedious task. To overcome this problem, two extraction techniques have been developed for evaluating the morphometric parameters of a basin: extraction of river basin boundary and extraction of stream network from the river basin using SRTM DEM. The extracted basin and stream network are projected to the regional projection (WGS 1984 UTM Zone 43 N) .
Extraction of river basin
The Bharathapuzha river basin is extracted from the Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model (DEM) data provided by the Consultative group for International Agriculture Research Consortium for Spatial Information (CGIAR-CSI) with a spatial resolution of 90 m. The contributing basin area was extracted with the help of various geoprocessing techniques in ArcGIS 10. The DEM and the pour point are the two input parameters required for the extraction purpose. A pour point is a user-supplied point to the cells of highest flow accumulation. The pour point of the basin is shown in Fig. 2 . The systematic geoprocessing techniques required for the extraction of the basin are shown in Fig. 2 . The result of this technique will create a polygon from the contributing area above a set of cells in a flow direction raster. Extraction of stream network
The stream network of the study area is extracted from a series of geoprocessing tools (Fig. 3) . The output of this technique will create a stream network grid with stream classification based on Strahler (1964) . Strahler's system of classification designates a segment with no tributaries as a first-order stream. Where two first-order stream segments join, they form a second-order stream segment and so on. The highest stream order in the study area was computed as seventh. Manual corrections are made by merging the streams of same order with separated nodes. This technique requires two input model parameters: DEM and a minimum upstream area in hectares, which is the minimum drainage area required to create a stream segment. In this study, the minimum upstream area assigned for the subbasin is 5 ha. The output of the stream network is smoothened using a smooth line tool in ArcGIS 10.
To evaluate the basin morphometry, various parameters like stream number, stream order, stream length, stream length ratio, bifurcation ratio, basin length, basin area, relief ratio, elongation ratio, length of overland flow, drainage density, stream frequency, drainage texture, form factor and circulatory ratio have been analysed using the standard mathematical formulae given in Table 1 . Moreover, the aspect and slope map of the study area were derived from the STRM DEM using the aspect and slope tool in ArcGIS 10 Spatial analyst module.
Results and discussion
The morphometric parameters of Bharathapuzha river basin have been examined and the results are given below ( Table 2 ). The total drainage area of the Bharathapuzha basin is 5,988.56 km 2 . The drainage pattern is dendritic in nature and it is influenced by the general topography of the area.
Aspect
The aspect of a terrain is the direction to which it faces. Aspect influences vegetation type, precipitation patterns, snow melt and wind exposure. The compass direction of the aspect was derived from the output raster data value. 0 is true north; a 90°aspect is to the east, and so forth. The aspect map of Bharathapuzha basin is shown in Fig. 4 . The east facing slopes mainly occur in the study area, which has a higher moisture content and lower evaporation rate and hence has high vegetation index. Similar observation is also noticed in Tamiraparani sub-basin in which the east facing slopes are higher in the western part of the sub-basin . The slope of a terrain refers to the amount of inclination of physical feature, topographic landform to the horizontal surface. Slope analysis is an important parameter in morphometric studies. The slope elements, in turn are controlled by climato-morphogenic processes in areas having rock of varying resistance. According to Burrough (1986) , the maximum rate of change in value from each cell to its neighbours is identified as slope grid. The degree of slope exhibited by Bharathapuzha river basin varies from 0°to 70.59°. The slope map of the Bharathapuzha basin is shown in Fig. 5 . The higher slope gradient in the study area is contributed by the hilly Western Ghats.
Higher slope gradient will result in rapid runoff with potential soil loss.
Stream order (u)
The concept of stream order was introduced by Horton in 1932. Stream ordering is a widely applied method for stream classification in a river basin. Stream ordering is defined as a measure of the position of a stream in the hierarchy of tributaries (Leopold et al. 1964 ) and the streams of Bharathapuzha river basin have been demarcated according to the Strahler's system of stream ordering. The stream order and the total number of stream segments in each order for the basin are shown in the Table 2 . Based on the Strahler (1964) system of stream ordering, the basin has been designated as a seventh-order basin (Fig. 1) . In the present investigation, maximum frequency is observed in the first-order streams ( Table 2 ). The first-order streams are those that do not have any tributary and these channels normally flow during the wet weather (Chow et al. 1988 ).
More number of first-order streams is observed in the hilly region of the study area, which points towards terrain complexity and compact nature of the bedrock lithology. Moreover, the presence of large number of streams in the basin indicates that the topography is still undergoing erosion and at the same time, less number of streams indicates mature topography. The calculated result matched with Strahler (1964) , which described that the total number of streams gradually decreases as the stream order increases.
Stream number (Nu)
With the help of GIS, the number of streams of different orders and the total number of streams in the basin are counted independently (Table 2) . Generally, the number of streams gradually decreases as the stream order increases; the variation in order and size of tributary basins is largely depends on physiographic and structural condition of the region. 4,426 stream segments were recognized in Bharathapuzha drainage basin, out of which 78.13 % (3,458) is 1st order, 16.81 % (744) is 2nd order, 3.84 % (170) is 3rd order, 0.86 % (38) is 4th order, 0.25 % (11) is 5th order, 0.09 % (4) is 6th order and 0.02 % comprises 7th order stream (1) ( Table 2) . High values of first-order streams indicate that there is a possibility of sudden flash floods after heavy rainfall in the down streams (Chitra et al. 2011 ).
Stream length (Lu)
Stream length is indicative of chronological developments of the stream segments including interlude tectonic disturbances. The stream length is measured from mouth of the river to the drainage divide near the source. 'Lu' has been computed on the basis of Horton's law of stream length (Table 1) , which states that geometrical similarity is maintained in the basins of increasing orders. The stream length of various orders is presented in the Table 2 . Generally, the total length of stream segments is the maximum in first-order streams and decreases with an increase in the stream order. The law holds true in the present case study. The results reveal that the first-order streams are short in length and are found in the upstream area; similar observations are conformed by Chitra et al. (2011) . Streams with relatively short lengths are representative of areas with steep slopes and finer texture, whereas longer lengths of stream are generally indicative of low gradients (Strahler 1964) .
Mean stream length (Lsm)
Mean stream length (Lsm) reveals the characteristic size of components of a drainage network and its contributing surfaces (Strahler 1964) . It has been computed by dividing the total stream length of order 'u' by the number of stream segments in the order (Table 1) . The Lsm values for the Bharathapuzha basin vary from 0.96 to 95.01 km (Table 2) with a mean Lsm value of 25.15 km. It is noted that Lsm of any given order is greater than that of the lower order and less than that of its next higher order in the basin. The Lsm values differ with respect to different basins, as it is directly proportional to the size and topography of the basin. Strahler (1964) indicated that the Lsm is a characteristic property related to the size of drainage network and its associated surfaces.
Stream length ratio (Rl)
It is the ratio between the lengths of streams in a given order to the total length of streams in the next order (Horton 1932) . The Rl values for the Bharathapuzha basin vary widely from 1.5 to 3.62 (Table 2 ) and are strongly dependant on the topography and the slope. Similar observations are noted in Aiyar basin (John Wilson et al. 2012) and it shows an important relationship with the surface flow discharge and the erosional stage of the basin.
Bifurcation ratio (Rb)
The term 'bifurcation ratio (Rb)' was introduced by Horton in 1932. Rb is related to the branching pattern of a drainage network and is defined as the ratio of the number of streams of any given order to the number of streams in the next higher order in a drainage basin (Schumm 1956 ). It is a dimensionless property and shows the degree of integration prevailing between streams of various orders in a drainage basin. Rb shows a small range of variation for different regions or for different environments except those where the powerful geological control dominates. The Rb for the Bharathapuzha basin varies from 2.75 to 4.65 (Table 2) with a mean Rb of 2.62. The mean bifurcation ratio (Rbm) characteristically ranges between 3.0 and 5.0 for a basin when the influence of geological structures on the drainage network is negligible (Verstappen 1983) . The analysis showed that the Rb is not same for all orders. Geological and lithological development of the drainage basin may be the reason for these variations (Strahler 1964) . Low Rb value indicates poor structural disturbance and the drainage patterns have not been distorted (Strahler 1964) , whereas the high Rb value indicates high structural complexity and low permeability of the terrain. Ket-Ord et al. (2013) 
Basin length (Lb)
The basin length (Lb) is the longest length of the basin from the headwaters to the point of confluence (Gregory and Walling 1973) . Bharathapuzha river originates from the Western Ghats at an altitude of about 1,100 m above mean sea level and drains into the Arabian Sea. The basin length determines the shape of the basin. High basin length indicates elongated basin. The Lb of the basin is 153.8 km ( Table 2) .
Relief (R)
The relief (R) is defined as the differences in elevation between the highest and the lowest points on the valley floor of a basin. Basin relief is an important factor in understanding the denudational characteristics of the basin and plays a significant role in landforms development, drainage development, surface and sub-surface water flow, permeability and erosional properties of the terrain (Magesh et al. 2011) . From the morphometric study, it should be noted that the maximum relief value of Bharathapuzha basin is 2,504 m (Fig. 6 ) and the high relief value of basin indicates the gravity of water flow, low infiltration and high runoff conditions. Magesh and Chandrasekar (2012) noted similar observations in Tamiraparani sub-basin because the presence of Western Ghats acts as a common relief-contributing factor.
Relief ratio
The relief ratio has been widely accepted as a effective measure of gradient aspect of the basin, despite uncertainties surrounding definition of its component measurements (Table 1) and may be unduly influence by one isolated peak within the basin (Sharma 1981) . Schumm (1956) defined relief ratio as the ratio of maximum relief to horizontal distance along the longest dimension of a basin parallel to the main drainage line and it measures the overall steepness of the river basin. The value of relief ratio in the Bharathapuzha basin area is 0.0163. However, in Tamiraparani sub-basin , there is a slight increase in relief ratio (0.0261), but this increase is negligible as both the basin indicates the intensity of erosion processes operating on the slopes of the basin.
Drainage density (Dd)
Drainage density (Dd) is one of the important indicators of the landform element and provides a numerical measurement of landscape dissection and runoff potential (Chorley 1969) . Dd is defined as the total stream length in a given basin to the total area of the basin (Strahler 1964) . Dd is related to various features of landscape dissection such as valley density, channel head source area, relief (Montgomery and Dietrich 1989), climate and vegetation (Moglen et al. 1998) , soil and rock properties (Smith 1958; Kelson and Wells 1989 ) and landscape evolution processes. A low drainage density indicates permeable sub-surface strata and has a characteristic feature of coarse drainage, which generally shows values less than 5.0. Strahler (1964) noted that low drainage density is favoured where basin relief is low and vice versa. The Dd of the Bharathapuzha basin is 1.07 km/km 2 , which indicates that the study area has a weak or permeable subsurface material with intermediate drainage and low relief. The drainage density map for the study area is shown in Fig. 5 . While comparing the study area with Tamiraparani sub-basin, a relatively high Dd is observed in the later. However, the Dd values of both the basin are less than 5.0, which indicate that both the basins have similar drainage density features.
Stream frequency (Fs)
According to Horton (1945) , stream frequency (Fs) is defined as the ratio of the total number of stream segments of all the orders in the basin to the total area of the basin. 'Fs' is an index of the various stages of landscape evolution. The occurrence of stream segments depends on the nature and structure of rocks, vegetation cover, nature and amount of rainfall and soil permeability. The stream frequency for the Bharathapuzha basin is 0.74 (Table 2 ). The stream frequency is dependant more or less on the rainfall and the physiography of the region. Similar observations are noted in Huai Bong sub-watershed (Ket-ord et al. 2013 ) which has highly permeable surface and dense vegetation (Fig. 7) .
Drainage texture (T)
According to Smith (1950) , drainage texture (T) is a product of stream frequency and drainage density (Table 1) . The 'T' depends on underlying lithology, infiltration capacity and relief aspect of the terrain. According to Smith's classification of drainage texture, the texture value below 4 is designated as coarse; 4-10 as intermediate; above 10 as fine and above 15 as ultra-fine texture (Table 3 ). The drainage texture of the Bharathapuzha basin is 7.78, which indicates intermediate drainage texture and this ratio can be attributed to the presence of high relief in the western part of the study area (Table 2 ). In case of other tropical basins (Aiyar and Tamiraparani), the texture value exceeds 10 and 15 because these basins have fine to ultra-fine texture possibly formed by the cumulative effect of various geomorphological processes.
Form factor (Ff) Horton (1932) defined form factor (Ff) as the ratio of the basin area and square root of the basin length. Long-narrow basins have larger lengths and hence smaller form factors. Circular basins have intermediate form factors, which are close to one. For a perfectly circular basin, the value of the form factor will be greater than 0.78. Short-wide basins have the largest form factors. Bharathapuzha basin is an elongated basin with lower peak flows of longer duration due to lower Ff value (0.25) ( Table 2) . However, if we compare the Ff of the study area with Tamiraparani subbasin, the later have an Ff value of 0.45 that means Tamiraparani sub-basin is less elongated than the present study area. Circulatory ratio (Rc) Miller (1953) defined circularity ratio (Rc) as the ratio of the area of a basin to the area of a circle having the same circumference as the perimeter of the basin (Table 1 ). The 'Rc' is influenced more by the lithological characteristics of the basin rather than anything else. The low, medium and high values of the circulatory ratio are indications of the youth mature and old stages of the life cycle of the tributary basins. Bharathapuzha basin is in the youth stage of its development with a circulatory ratio of 0.23 (Table 2 ). The result showed that the study area has Rc value \0.5, indicating elongated shape. In addition, Miller (1953) described Rc as a significant ratio that indicates the dendritic stage of a watershed. This is mainly due to the diversity of slope and relief pattern of the basin. However, in the case of Tamiraparani sub-basin, the Rc value is equal to 0.5 indicating more or less circular shape .
Elongation ratio (Re)
Elongation ratio (Re) is defined as the ratio of diameter of a circle having the same area as of the basin and maximum basin length (Schumm 1956 ). It is a measure of the shape of the river basin and it depends on the climatic and geologic types. Generally, the Re values vary from 0.6 to 1.0 for most of the basins. The value ranges from 0.6 to 0.8 for regions of high relief and the values close to 1.0 have very low relief with circular shape. These basins are efficient in the discharge of runoff than the elongated basin because concentration time is less in circular basins. The Re value of Bharathapuzha basin is 0.57, which indicates moderate relief with steep slope and elongated in shape. However, the Re value of Tamiraparani sub-basin ) is 0.75, which indicates that the sub-basin is less elongated with high relief and steep slope. This anomaly is due to climatic variation and basin topography.
Length of overflow (Lg)
Length of the overland flow (Lg) is the length of water over the ground before it gets concentrated into definite stream channels. 'Lg' can be defined as the mean horizontal length of flow path from the divide to the stream in a first-order basin and is a measure of stream spacing and degree of dissection and is approximately one-half the reciprocal of the drainage density (Chorley 1969) . From the morphometric analysis, the Lg value for Bharathapuzha basin is 1.88. The high Lg value indicates that the rainwater had to travel relatively longer distance before getting concentrated into stream channels (Chitra et al. 2011 ). However, low Lg values indicate that the rainwater will enter the stream quickly. This is true in the case of upper Ing watershed (Ket-ord et al. 2013) .
Conclusion
The present study has proved that the geoprocessing technique used in GIS is an effective tool for computation and analysis of various morphometric parameters of the basin and helps to understand various terrain parameters such as nature of the bedrock, infiltration capacity, surface runoff, etc. The Bharathapuzha river is well drained in nature with the stream order varying from 1 to 7. The basin is dominated by lower order streams and the total length of stream segments is maximum in first order streams. Bharathapuzha basin is an elongated basin with moderate relief and steep slope due to the lower elongation ratio (0.57). Stream frequency and drainage density are the prime criterion for the morphometric classification of drainage basins, which certainly control the runoff pattern, sediment yield, and other hydrological parameters of the drainage basin. The Dd appears significantly lower in Bharathapuzha basin, which is an indicative of existence of impermeable rocks and moderate relief. The quantitative analysis of linear, relief and aerial parameters using GIS is found to be of immense utility in river basin evaluation, basin prioritization for soil and water conservation and natural resource management. The geoprocessing techniques employed in this study will assist the planner and decision makers in basin development and management studies.
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